Abstract-In this paper, two compact patch antenna designs for a new application -outdoor RF energy harvesting in powering a wireless soil sensor network -are presented. The first design is a low-profile folded shorted patch antenna (FSPA), with a small ground plane and wide impedance bandwidth. The second design is a novel FSPA structure with four pairs of slot embedded into its ground plane. Performance of both antennas was first simulated using CST Microwave Studio. Antenna prototypes were then fabricated and tested in the anechoic chamber and in their actual operating environment -an outdoor field. It was found that the FSPA with slotted ground plane achieved a comparable impedance bandwidth to the first design, with an overall size reduction of 29%. Simulations were also carried out to investigate the effects of different design parameters on the performance of the proposed slotted ground plane FSPA.
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INTRODUCTION
In recent years, there has been a growing interest in the deployment of wireless sensor networks (WSN). These network systems, consisting of spatially distributed sensor nodes, are used extensively in a wide range of applications [1] , such as structural monitoring [2] , habitat monitoring [3] , and healthcare systems [4, 5] . One emerging WSN application is in precision agriculture [6, 7] , where sensor nodes are deployed in outdoor fields to monitor soil conditions, such as moisture, mineral content, and temperature. Information collected from these sensors can be used to manage irrigation, predict crop yield, and improve crop quality. Energy supply has been a key limiting factor to the lifetime of agricultural WSNs as their sensors are typically powered by onboard batteries which have fixed energy rating and limited lifespan. Therefore, these batteries need to be replaced in due time. Labor and maintenance costs can be prohibitive if the networks are deployed in hard-to-service locations. For instance, a wireless soil sensor which is buried underground has to be unearthed before the exhausted batteries can be replaced. Moreover, most wireless sensors batteries contain heavy metals, which can pollute the environment if improperly disposed of in landfill sites. A promising alternative to batteries is to use energy harvesting, in which ambient energy is captured, converted into electrical energy, and stored to power the wireless sensors. Several energy harvesting methods using different energy sources, such as light, temperature difference, electromagnetic field, human power, and mechanical vibration, have been reported in the literature [8, 9] .
Selection of a feasible energy harvesting scheme for a specific application is mainly determined by two criteria: Operating environment and energy requirement of the wireless sensors. The main application envisaged for this work is a wireless soil sensor network deployed for in-field pest detection and monitoring [10] . In this particular network system, a number of wireless sensor nodes are distributed across an outdoor field surrounding a property, as depicted in Figure 1 . These nodes are static at all times and can be located in an open area, in the shade of trees, or even covered by dried leaves or mud. Energy consumption of the soil sensor is approximately 29.4 J over 18 hours of operation.
Based on the given scenarios, a wireless power solution based Figure 1 . Wireless soil sensor network deployment architecture and RF energy transfer mechanism between the transmitting and receiving antennas.
on radio frequency (RF) energy harvesting is proposed. RF energy harvesting can not only be used to replenish the energy required for powering the sensors, but it can also provide a more controllable and predictable power supply compared to other energy harvesting methods. Using this technique, the RF energy radiated from a controlled transmitter is captured by a receiving antenna attached to each wireless sensor node. The received energy is converted into a DC voltage through a power conversion circuit. The DC energy is then stored in an energy storage device before being used to power the sensors. In RF energy harvesting system, the receiving antenna is an important element as it is responsible for capturing energy from the nearby radiating sources. An appropriate receiving antenna design is imperative since the antenna characteristics, such as gain, radiation pattern, and impedance bandwidth, can affect the amount of harvestable energy. Microstrip patch antenna is an attractive candidate due to its low profile, low cost, and ease of fabrication. Over the years, many papers have been published on microstrip patch antennas for various applications, such as mobile communications [11] [12] [13] [14] , radio frequency identification (RFID) [15, 16] , and medical telemetry [17] . In [11] , a folded shorted patch antenna suitable for indoor mobile communication systems is presented. The design employs two contemporary techniques, namely folding the patch and using short circuit elements, to achieve dual resonance. The proposed antenna achieves a wide impedance bandwidth of 29.4% (1.48 to 1.99 GHz) at a low profile of 0.046λ 0 , where λ 0 is the free space wavelength at the center frequency of the impedance bandwidth. By cutting two slots in different parts of the patch, the antenna can be further improved for dual-band operation [18] . The lower band has an impedance bandwidth of 21.1% (0.790 to 0.976 GHz) whereas the upper band attains an impedance bandwidth of 32.2% (1.698 to 2.350 GHz).
In this paper, we present further investigations on using the folded shorted patch antenna (FSPA) proposed in [11] as the receiving antenna for a new application -outdoor RF energy harvesting in powering a wireless soil sensor network. In [11] , the antenna has a relatively large ground plane size (0.92λ 0 × 0.84λ 0 ) which is not practical for the intended application. In our work, a much smaller ground plane size is implemented. In addition, a novel FSPA structure with slotted ground plane configuration [19] [20] [21] is also investigated. By incorporating slot pairs into its ground plane, the antenna is capable of meeting the desired bandwidth (860 to 960 MHz) at a much smaller overall size. Simulations are also performed to examine the effects of different design parameters on the performance of the slotted ground plane FSPA.
ANTENNA DESIGN REQUIREMENTS

Operating Frequency and Impedance Bandwidth
Selection of a proper operating frequency band for the proposed RF energy harvesting system is crucial since it will affect the overall size of the receiving antenna and operating range of the system. Two unlicensed UHF bands -867 MHz and 2.45 GHz were evaluated. 867 MHz was chosen due to its lower free space attenuation (as the free space path loss at 2.45 GHz is about 9 dB higher than at 867 MHz). Table 1 shows the frequency allocation for the selected UHF band in various countries with its permitted radiated power level. For this system to be used worldwide, the receiving antenna has to be designed to resonate over a frequency range of 860 MHz to 960 MHz, with an impedance bandwidth (S 11 < −10 dB) covering the chosen band. 
Antenna Size, Directivity, and Gain
It is desirable to keep the overall antenna size as small as possible so that it can be mounted easily upon the wireless sensor node. The overall size must also include the antenna's ground plane. A limitation of 20 mm antenna height from the soil surface has been imposed to protect the antenna from possible damage by agricultural equipment such as mowers and tractors. Since the antenna size can affect the maximum achievable gain and bandwidth [23] , compromises need to be made in order to meet the design requirements. Moreover, the directivity of each receiving antenna is also important. As illustrated in Figure 1 , the receiving antennas are raised slightly above the soil surface (instead of being buried) since the RF waves will experience additional attenuation when propagating through the soil [24] . In order to optimize the received energy, each receiver must be directed so that its main lobe is pointed towards the transmitter. An arbitrary benchmark minimum gain of 3 dBi was decided upon for the receiving antenna.
FOLDED SHORTED PATCH ANTENNA WITH NON-SLOTTED GROUND PLANE
Antenna Geometry
The geometry of the FSPA with non-slotted ground plane is shown in Figure 2 . A rectangular patch is located in the middle of a square ground plane. Both patch and ground plane are made of copper sheet, which has a thickness of 1 mm. For the patch, one of its ends is shorted to ground while the other end is folded backwards. The patch structure is separated from the ground plane by an air layer. A coaxial feed and shorting post with the same diameter are positioned along the x-axis, which is the midline of the patch. In [11] , the antenna is designed to cover frequencies between 1.48 and 1.99 GHz. Here, the patch dimension is modified so that the antenna can operate in the frequency band of 860 to 960 MHz. Besides, a much smaller ground plane is used for this antenna design. Assuming λ 0 is the free space wavelength of the center frequency at 910 MHz, the antenna has a ground plane dimension of 160 mm (0.48λ 0 ) × 160 mm (0.48λ 0 ), which is 70% less area than the ground plane proposed in [11, 18] . Detailed dimension of the antenna is shown in Table 2 . 
Simulation and Measurement Results
The FSPA with non-slotted ground plane was first simulated using CST Microwave Studio. In order to validate the simulation results, the antenna was fabricated and tested. The return loss was measured by an Agilent HP5071B Network Analyzer while the gain radiation patterns were obtained in the SMART chamber of the National Physical Laboratory (NPL) and the anechoic chamber of University of Manchester. Figure 3 shows the simulated and measured return losses of the antenna. It is seen that the antenna has two resonances close to each other, which results in a wider impedance bandwidth. The simulated and measured impedance bandwidths (S 11 < −10 dB) are 17.8% (0.834 to 0.997 GHz) and 20.0% (0.815 to 0.997 GHz), respectively. 
Return Loss
Radiation Pattern and Gain
The 3-D radiation pattern and gain of the antenna was measured in the SMART Chamber of NPL [25] . For this measurement, the antenna was connected with either a coaxial cable or an optical fiber via an opto-electric field sensor (OEFS) transducer [25] , to a HP 8510 network analyzer. An EMCO 3147 log periodic antenna was used as the transmit antenna. Figure 4 compares the measured 3-D radiation pattern at 867 MHz using cable versus using optical fiber with the simulated pattern obtained from CST. In Figure 4 (a), nulls can be seen in the plot with the coaxial cable; these are caused by destructive interference of radiation from the cable due to common mode currents from the antenna. The unwanted influence of common mode currents distorts the overall radiation pattern. The plot for the optical transducer and fiber connection shown in Figure 4 (b) has a better radiation pattern and it matches closer to the simulated pattern in Figure 4 (c). The co-polar x-z plane radiation patterns at 867 MHz, 915 MHz, and 953 MHz, are displayed in Figure 5 . 
FOLDED SHORTED PATCH ANTENNA WITH SLOTTED GROUND PLANE
Antenna Geometry
In this section, a new FSPA structure with slotted ground plane and reduced overall size is presented. The geometry of this antenna is almost identical to Figure 2 with the exception of its slotted ground plane configuration. Four pairs of equally spaced slots are embedded into the ground plane, as illustrated in Figure 7 . Each slot has the same width (W s ) and length (L s ). The slot pairs are spaced by the same distance (S 1 ). The slotted ground plane has a dimension of 135 mm × 135 mm, which is smaller than that of FSPA described in Section 3. Detailed dimension of the antenna is given in Table 3 . Figure 7 . Geometry of the slotted ground plane. Figure 8 compares the simulated and measured return losses of the antenna. The simulated and measured impedance bandwidths (S 11 < −10 dB) are 18.3% (0.835 to 1.003 GHz) and 18.7% (0.834 to 1.006 GHz), respectively.
Simulation and Measurement Results
Return Loss
Radiation Pattern and Gain
The simulated and measured co-polar x-z plane radiation patterns of the antenna at 867 MHz, 915 MHz, and 953 MHz, are shown in Figure 9 . Good agreement between simulation and measurement results is observed. The main beams are tilted at −24 • at 867 MHz, 
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• at 915 MHz, and −9 • at 953 MHz. The co-polar y-z plane radiation patterns of this antenna are similar to the patterns shown in Figure 6 . For brevity, we do not show the patterns here. The measured peak gains (of x-z plane) at 867 MHz, 915 MHz, and 953 MHz, are 3.8 dBi, 5.4 dBi and 5.8 dBi, respectively. By comparing the simulation results of this antenna to the FSPA with non slotted ground plane (Section 3), it can be seen that the two antennas have a comparable impedance bandwidth with similar gain performance. However, the FSPA with slotted ground plane has a much smaller patch and ground plane dimension. An overall size reduction of 29% is achieved by the FSPA when slots are properly embedded in the ground plane.
Effect of the Slotted Ground Plane
To thoroughly understand the effect of the slots, we simulated the proposed FSPA using a non-slotted ground plane, having an identical area of 135 mm × 135 mm. Figure 10 shows the simulated input impedance against frequency curves of the FSPA with and without the slotted ground plane. From Figure 10(b) , it is seen that the input reactance of the antenna with non-slotted ground plane at frequency band of interest (860-960 MHz) is dominated by inductive reactance, which is mainly from the probe feed. By incorporating slot pairs into the ground plane, additional capacitive reactance is introduced to counteract the inductive reactance, providing better impedance matching across the band. Figure 11 compares the simulated return losses of the two prototypes. The FSPA with slotted ground plane has a bandwidth of 18.4% while the FSPA with non-slotted ground plane does not match to 50 Ω. 
PARAMETRIC ANALYSES
In order to examine the effects of different design parameters on the impedance bandwidth and radiation patterns of the FSPA with slotted ground plane, parametric analyses are performed using CST Microwave Studio. Simulations were carried out by varying the chosen parameter whilst keeping all other parameters constant. Initial dimensions of the investigated parameters are shown in Table 3 . First, three parameters characterizing the slots of the ground plane -number of slot pairs, slot length, and slot width, were investigated. The effects of slot pairs (labeled from A to E shown in Figure 12 ) on the antenna's impedance bandwidth are depicted in Figure 13 . As the number of slot pairs increases, the FSPA achieves a wider impedance bandwidth. The widest bandwidth is achieved when four pairs of slot (A, B, C and D) are used. The addition of Pair E does not change the antenna's bandwidth performance. Figures 14 and 15 demonstrate the effects of slot length and width. In most cases, the impedance bandwidth becomes wider with the increments of slot length and width. However, no further improvement is found for the case where the slot width is more than 4 mm. We observed that changing the number of slot pairs and the dimension of slot have no significant effect on the antenna radiation patterns (directivity and tilted angle of the main lobe). We also investigated five other design parameters related to the patch structure -folded patch width (W ), folded patch length (L 2 ), height ratio (H 1 /H 2 ), position of the shorting post (s post ), and location of the probe feed (s feed ). The effect of each parameter on the FSPA's impedance bandwidth and radiation patterns are displayed in Figures 16 to 18 , Tables 4 and 5, respectively. By increasing W , L 2 , and H 1 /H 2 up to a certain value, wider impedance bandwidth can be obtained. It is worth noting that the locations of the probe feed and shorting pin can also be adjusted to provide better tuning of impedance matching, as shown in Figures 17 and 18 . Meanwhile, increasing L 2 and H 1 /H 2 results in higher antenna directivity but with a smaller tilted angle of the main lobe from the broadside direction, which is undesired for the intended application. Hence, a tradeoff must be made when selecting the design parameters of the FSPA. Changes in W , S post , and S feed have no significant effect on the antenna radiation patterns. 
FIELD TRIAL EXPERIMENTAL RESULTS
To evaluate the performance of both FSPAs in their actual operating environment, an outdoor field trial was conducted in a farm area located at Huddersfield, UK. The experimental setup is shown in Figure 19 . A mobile radio manufactured by Tait Electronic Ltd. was used as the radiating source. The radio was programmed to transmit at 867.0 MHz with an output power of 33 dBm (2 W), and fed to a vertically polarized patch antenna made by Wilson Electronics, through a 3-dB attenuator and coaxial cables. The transmit antenna has a measured peak gain of 5.2 dBi at 867.0 MHz. The attenuator loss, cable loss, and return loss between the radio and the antenna were measured to be around 3.5 dB. Hence, the maximum radiated power of this transmitter system is about 34.7 dBm (3W EIRP), which is within the permitted radiated power given in Table 1 . At the receiving end, both FSPAs with non-slotted (Section 3) and slotted ground plane (Section 4) were deployed as the receiving antennas. The two antennas were placed on a turf with short grass, as seen in Figure 20 . First, the return losses of both antennas were measured using an Anritsu S332D Site Master TM Cable and Antenna Analyzer. As shown in Figures 21 and 22 , the return loss and impedance characteristic of the antennas change marginally when placed on the turf due to the underlying soil having variable dielectric constant and electrical conductivity [26] . However, S 11 of the two antennas remained below −10 dB across 860 to 960 MHz band. Their impedance bandwidths improved slightly compared to that of the free space test. The received power of each FSPA was also measured using an Anritsu High Accuracy Power Meter (PSN50), connected to the tested FSPA using RF coaxial connectors and cables. Losses of these connectors and cables were measured at 0.70 dB at 867.0 MHz. To determine the actual received power of the antenna, losses were taken into account during the measurements. The transmit antenna was mounted on a tripod set to provide three different heights of 0.70 m, 1.00 m, and 1.45 m. Meanwhile, the receiving antennas were located on the turf with their main radiating edge facing towards the transmitter. Both transmitting and receiving antennas were aligned to have the same polarization. By manually adjusting the transmit antenna towards the FSPA, the peak received power was recorded. Figures 23 and 24 show the measured peak received power of both FSPAs with non-slotted ground plane (FSPA1) and slotted ground plane (FSPA2). At h = 1.45 meters and d = 2 meters, the peak received power of FSPA1 and FSPA2 were measured as 0.61 mW and 0.53 mW, respectively. Although both antennas have a comparable measured peak gain at 867 MHz (as discussed in Section 4), FSPA2 receives less power since it has a smaller patch dimension, which results in a smaller energy collection area. It is also observed that the received power of both antennas increases when the transmitter height is lowered. This is because the actual distance between transmitter and receiver decreases when lowering the transmitter. However, this observation does not hold true at a horizontal distance more than 2 meters, since at a lower transmitter height; part of the radiated energy from the main beam may not be captured due to the directional nature of the receiving antenna.
CONCLUSION
This paper presents simulated and experimental investigations of using two folded shorted patch antennas (FSPA) for a new applicationoutdoor RF energy harvesting in powering a wireless soil sensor network.
A novel FSPA structure with slotted ground plane configuration was introduced and studied. By properly embedding slot pairs into the ground plane, the FSPA can achieve comparable impedance bandwidth and gain performance to a conventional FSPA (with non-slotted ground plane), at an overall size reduction of 29%.
Both antennas (with and without slotted ground plane) meet the required bandwidth specification of 860 to 960 MHz and have peak gains of more than 3 dBi across the operating band. In addition, the proposed antennas are low profile (with antenna height less than 20 mm) and easy to fabricate, making them very suitable for the intended application. An outdoor field trial was also conducted to verify the performance of the FSPAs in their actual operating environment. The collected data from the trial provides useful information towards the power conversion circuit design of the proposed energy harvesting system.
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